We present electronic band structures of transparent oxides calculated using the Tran-Blaha modified Becke-Johnson (TB-mBJ) potential. We studied the basic n-type conducting binary oxides In 2 O 3 , ZnO, CdO and SnO 2 along with the p-type conducting ternary oxides delafossite CuXO 2 (X = Al, Ga, In) and spinel ZnX 2 O 4 (X = Co, Rh, Ir). The results are presented for calculated band gaps and effective electron masses. We discuss the improvements in the band gap determination using TB-mBJ compared to the standard generalized gradient approximation (GGA) in density functional theory (DFT) and also compare the electronic band structure with available results from the quasiparticle GW method. It is shown that the calculated band gaps compare well with the experimental and GW results, although the electron effective mass is generally overestimated.
Introduction
The binary oxides-In 2 O 3 , ZnO, CdO and SnO 2 -form the basic set of host materials which are used as transparent conducting oxides (TCOs). Their wide band gap and highly dispersed conduction band make them a suitable choice for this purpose. Impurity-doped In 2 3 , and multi-component oxides consisting of combinations of these are the preferred materials for most present day applications [1, 2] . Most of these TCOs show n-type conductivity while a p-type conducting TCO is a relatively rare phenomenon. A well-known example of p-type TCO is the delafossite family CuXO 2 (X = Al, Ga, In) [3] [4] [5] [6] [7] , while ZnX 2 O 4 (X = Co, Rh, Ir) in the spinel structure has been recently studied as well [7] [8] [9] . The expanding use of TCO materials, especially for the production of transparent electrodes for optoelectronic device applications, demands ever better TCO materials [10, 11] . The key physical properties of an n-type TCO material are the band gap for optical transparency and the effective mass of the electron which determines the mobility of charge carriers. The application of electronic structure methods, capable of accurately calculating these quantities, is thus helpful in order to find new or better TCO materials.
The electronic structure of these metal-oxide semiconductors has been a subject of enduring interest. One important feature is the hybridization between the metal d orbitals and the oxygen p orbitals. Density functional theory (DFT) calculations can assess the strength of this hybridization. It is well known that the calculated Kohn-Sham (KS) [12, 13] band gaps obtained using popular approximations such as the local density approximation (LDA) or the generalized LDA/GGA TB-mBJ gradient approximation (GGA) are strongly underestimated. However, in principle, one cannot compare the KS gap with the experimental band gap since it differs from the experimental gap by the neglected derivative discontinuity xc [14, 15] . This xc is significant in the case of semiconductors and insulators and needs to be corrected. There are different schemes available, such as the optimized effective potential (OEP) [16, 17] method, hybrid functionals as proposed by Heyd, Scuseria, and Ernzerhof (HSE) [18, 19] , etc, to improve the KS band gap. Unfortunately, these schemes are computationally expensive compared to the LDA or GGA. Also the GW approximation [20] to many-body perturbation theory, which represents the state of the art technique to calculate the quasiparticle correction to the band gap of solids, is computationally very demanding. However, the recently proposed Tran-Blaha modified version of the Becke-Johnson potential (TB-mBJ) [21] has proved to be a successful method for accurate band gaps of semiconductors and insulators, and computationally it is as economical as the LDA or GGA although its self-consistency cycle converges slower and therefore requires more iterations (a factor of 2-3). The TB-mBJ scheme is rapidly gaining popularity and a significant number of studies reporting the improvements in the band gaps have been published [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] since the original publication in 2009. An overview of all results available in the literature at present is given in figure 1 . It is obvious from this data set that TB-mBJ predicts reasonable band gaps up to about 6 eV. In a few cases there are minor overestimations. Most of the deviations are small underestimations. For band gaps larger than 6 eV, the available data set suggests a tendency towards a small yet significant systematic underestimation. Occasionally there are cases where the deviation is rather large (Cu 2 O, NaCl). Overall, TB-mBJ is a decent alternative for GW or hybrid functionals, achieving a comparable accuracy at a far lower cost.
In this paper, we apply TB-mBJ to a group of oxides that are either used for their optical properties, or have the potential to be so. The band gaps, band structures and effective electron masses obtained in this way are compared with what is predicted by the common Perdew-Burke-Ernzerhof (PBE) functional [32] , and-where available-by G 0 W 0 . Trends in differences will be discussed.
Theory
The electronic structure of a periodic solid can be calculated using the well-known KS equations given by
where ψ i,σ are the one-electron wave functions. The KS effective potential, V KS eff,σ = V ext + V H + V xc,σ , is the sum of external, Hartree and exchange-correlation (xc) terms. In this, the last term needs to be approximated while the other two terms are calculated accurately. The popular approximations for the exchange-correlation energy are the LDA and GGA. Although the KS DFT is a fast and reliable method to calculate the electronic structure, the excited state properties like the band gap are severely underestimated for many semiconductors and insulators. Recently, Tran and Blaha have proposed an alternative scheme to improve the band gap calculation within DFT by modifying the Becke-Johnson potential which reads as follows:
Here,
is the kinetic-energy density and
is the Becke-Roussel (BR) exchange potential, which was proposed to model the Coulomb potential created by the exchange hole. In equation (3) , x σ is determined from a nonlinear equation involving ρ σ , ∇ρ σ , ∇ 2 ρ σ and t σ . The b σ is calculated with b σ = [x 3 σ e −x σ /(8πρ σ )] 1/3 . Tran and Blaha have introduced a parameter 'c' to change the relative weights of the two terms in the BJ potential and the modified potential (TB-mBJ) reads
In [21] a prescription for calculating c is given by
where V cell is the unit cell volume and α and β are two free parameters whose values are α = −0.012 and β = 1.023 Bohr 1/2 according to a fit to experimental results. The merits and limitations of this prescription are discussed in [31] . In the present work we further explore the performance of this scheme by applying it to TCOs with the c parameter determined from equation (5) .
Computational details
All-electron calculations with the APW + lo method were performed using the WIEN2k code [51, 52] . In this method, the wave functions are expanded in spherical harmonics inside non-overlapping atomic spheres of radius R MT and in plane waves in the remaining space of the unit cell (the interstitial region). The radii for the muffin tin spheres were taken as large as possible without overlap between the spheres: In 2 O 3 has a body centered cubic bixbyite structure, with eight formula units per primitive cell. Each In atom is coordinated by six oxygen atoms in a distorted octahedron. The unit cell contains 40 atoms and the lattice constant is 10.12Å.
The band structures along high symmetry lines in the Brillouin zone calculated with PBE and TB-mBJ are presented in figure 2. This figure shows that In 2 O 3 is a direct band gap semiconductor. Although the widely quoted direct band gap of In 2 O 3 is 3.75 eV and the indirect gap is 2.62 eV, recent experimental reinvestigation along with theoretical studies have concluded In 2 O 3 to be a direct band gap semiconductor with a band gap of ∼3.1 eV [39] . The PBE band gap is 1.18 eV and is consistent with earlier reported results [40] . The TB-mBJ band structure shows a significant opening of the band gap and the calculated TB-mBJ gap is 2.90 eV, which compares well with both experiment and the
We further analyze the band structure with the help of the density of states (DOS) and projected density of states 
Zinc oxide.
ZnO is a wide band gap semiconductor with a direct gap of 3.44 eV. ZnO crystallizes in the wurtzite structure with lattice parameters a = 3.2489Å, c = 5.2049Å, and internal parameter u = 0.381. The PBE band gap is 0.80 eV which opens up to 2.68 eV in the TB-mBJ band structure. The TB-mBJ gap is underestimated by 22% in comparison with experiment; however, it matches with the G 0 W 0 result of 2.49-2.51 eV [43, 42] . The band structure and DOS are shown in figure 3 . The lowest valence band plotted in the TB-mBJ band structure is around −5.4 eV which is ∼0.8 eV higher than the corresponding band in the PBE band structure. It is also clear from the total DOS plot that the valence band dispersion in TB-mBJ is narrowed compared to PBE. This narrowing is suggested to be the origin of the remaining discrepancy between the TB-mBJ and experimental band gaps by Singh [44] . The O s state which forms the lowest valence band is, however, at a higher binding energy in the TB-mBJ band structure compared with its PBE counterpart. The PDOS calculated with TB-mBJ shows a strong p-d hybridization between the Zn d and O p states in the region 0 to −6 eV. The Zn 3d states are placed around −5 eV and are shallow compared to the experimental estimate of ∼7-8 eV below the VBM.
4.1.3. Cadmium oxide. CdO has the rocksalt structure and is distinctly different from other IIB-VI binary oxides which are either cubic zinc-blende or hexagonal wurtzite structures. The metal cation is octahedrally coordinated in the rocksalt structure whereas in zinc-blende or wurtzite structure it is tetrahedrally coordinated. The octahedral point group (O h ) of the rocksalt structure contains an inversion center at the point. As a consequence, the 'p' and 'd' states belong to a different representation at the point in the rocksalt structure and do not mix. However, at other points with lower symmetry, the 'p' and 'd' states can mix in the Brillouin zone. Thus, in the case of CdO, the hybridization of O 2p derived orbitals with the Cd 4d states combined with the octahedral point symmetry leads to an indirect band gap.
The PBE band structure (see figure 4(a) ) shows CdO to be semi-metallic since the conduction band minimum (CBM) crosses the Fermi energy level (E f ). We obtain an indirect band gap of 1.82 eV with TB-mBJ. Although the band gap is widely quoted to be 0.55 eV at room temperature and 0.84 eV at 100 K, McGuinness et al [45] have suggested a value of ∼1.2 eV, while their own x-ray emission and absorption measurements on high purity samples yield a value of almost 2 eV. Also, a recent G 0 W 0 calculation results in a much larger value of 1.07 eV for the indirect gap [46] . Thus the calculated TB-mBJ gap is in agreement with the reported experimental range of 1.2-2 eV.
The DOS and PDOS plots for CdO (see figures 4(c), (d)) show a strong p-d hybridization, narrowing the valence band similarly to ZnO. The Cd d energy levels around −6.5 eV are at higher binding energy compared to the experimental result of −8.8 eV below the VBM.
Tin dioxide.
SnO 2 exists in rutile structure. The lattice parameters are a = 4.7374Å, c = 3.1864Å, and the internal parameter u = 0.305. The band structure shown in figure 5 yields a direct band gap of 1.25 eV for PBE and 3.20 eV for TB-mBJ. The reported experimental gap of SnO 2 is 3.60 eV [47] . Thus the TB-mBJ band gap shows ∼10% underestimation compared to experiment, but is still much improved compared to the PBE functional. The valence bands in the range of 0 to −7 eV are composed of O p and Sn s, p orbitals as evident from the PDOS presented in figure 5 . There is also hybridization between the Sn d and O s orbitals for the lowest valence bands between −16 and −19 eV. These Sn d orbitals are at lower binding energy in comparison with the reported experimental value of 21.1-21.4 eV [48] . Unlike the other oxides, a distinct p-d hybridization is not observed in the PDOS.
The TB-mBJ total DOS shows that the valence band dispersion is reduced compared to the PBE band structure. This suggests that the TB-mBJ scheme tends to localize the valence bands compared to their PBE counterparts. This feature is found to be common for all the oxides studied and is more pronounced for widely dispersed bands than localized states such as O s.
p-type ternary oxides
We now present the TB-mBJ electronic structures of p-type ternary oxides: the delafossite CuXO 2 (X = Al, Ga, In) family and ZnX 2 O 4 (X = Co, Rh, Ir) in the spinel structure. The delafossite crystal structure (space group R3m, #166) is composed of O-Cu-O dumbbell layers in a hexagonal plane separated by an XO 6 edge-sharing octahedral layer. The spinel (space group Fd3m, #227) lattice is based on face centered cubic packing of oxygen atoms (32 e sites) which are tetrahedrally coordinated with Zn ions (eight a sites) and octahedrally coordinated with the X cations (16 d sites) . The experimental lattice constants are listed in table 3.
The TB-mBJ calculated band structures and PDOSs of the delafossite family are shown in figure 6. All three compounds have an indirect fundamental band gap with the CBM at and the VBM near F along the -F direction. As seen in the PDOS, the well-isolated peak in the region 2-4 eV is the CBM which is composed of Cu d and O p orbitals. In the valence band the Cu d states are placed close to the Fermi level with a pronounced peak around −1.8 eV. These states are shallow compared to the XPS measurements of about −2.8 eV by Aston et al [53] . The calculated indirect band gaps are 2.21, 1.35 and 0.82 eV for CuAlO 2 , CuGaO 2 and CuInO 2 respectively. We also list in table 4 the direct gaps at the L point since the optically allowed transition is at L while the transition at the point is optically forbidden for symmetry reasons [33, 34] . The calculated direct band gaps are 3.28, 3.14 and 3.42 eV, which are underestimated compared to the experimental values of 3.4, 3.6 and 3.9 eV by ∼3%-12% for CuAlO 2 , CuGaO 2 and CuInO 2 respectively. The trend in the direct band gap, which slightly decreases from CuAlO 2 to CuGaO 2 and increases afterward for CuInO 2 , is in qualitative agreement with previous PBE and G 0 W 0 @ COHSEX results. It should be noted that the surprising overestimation of the G 0 W 0 gap is attributed to polaronic effects and it has been shown that the direct gap is well reproduced by many-body approaches only if the polaronic effects are taken into account [35] . Also, CuAlO 2 features strong excitonic effects, with an exciton binding energy of 0.47 eV [36] . The TB-mBJ scheme cannot account for either the polaronic or the excitonic effects observed in these systems.
Other interesting systems are ZnX 2 O 4 (X = Co, Rh, Ir) spinels which are reported to be p-type TCOs. The origin of the band gap in these spinels is attributed to the ligand field splitting of X d orbitals into fully occupied t 6 2g and empty e 0 g levels due to the octahedral surrounding of six oxygen anions forming a low spin state configuration. A recent theoretical study by Scanlon et al [37] has shown underestimation of the band gap by PBE and a severe overestimation of the t 6 2g -e 0 g splitting with the HSE calculation compared to reported experimental values. Moreover, the observed decreasing trend in the band gap while moving from Co to Rh to Ir is in contrast to the only experimental study of Dekkers et al [9] which reports the opposite. The TB-mBJ calculated band structures and PDOSs for these spinels are shown in figure 7. All three spinels have an indirect band gap with the VBM occurring at the X point and the CBM located near the X point along the X-direction. The well-isolated peaks of occupied t 6 2g and empty e 0 g levels form the VBM and CBM respectively as is evident from the PDOS. The Zn 3d states are spread in the lower part of the valence band with lowest peaks around −4.8, −6.6 and −7.2 eV which are shallow compared with the experimental report of ∼−8.8, ∼−9.2 and ∼−9.5 eV for ZnCo 2 [7] are at variance with Dekkers et al and also show a decrease in the band gap when Co is replaced by the heavier Rh cation. We find that TB-mBJ yields a better estimate of the band gap than HSE for ZnCo 2 O 4 and ZnRh 2 O 4 in comparison with these experiments, although the t 6
2g -e 0 g splitting is overestimated. Thus the TB-mBJ calculations support the claim made by Scanlon et al for reinvestigation of the band gaps for these spinels.
Discussion and conclusions
We first discuss the results obtained for the binary oxides, namely In 2 O 3 , ZnO, CdO and SnO 2 . The calculated band [54] . The TB-mBJ band gaps, as listed in the second column, show a good improvement in the gaps compared to PBE. These gaps also are in agreement with the experimental values with small underestimation except for ZnO. For ZnO the band gap is underestimated by as much as 22%. It should be noted that the G 0 W 0 result for ZnO is also underestimated. Since the LDA or GGA is typically used as a starting point to calculate the G 0 W 0 gap, the p-d hybridization in the LDA/GGA band structure influences the result and correspondingly the G 0 W 0 gap of ZnO is underestimated. For other systems which show a weaker hybridization in the LDA/GGA band structure, the agreement between the G 0 W 0 and the experimental gap is remarkably well.
The TB-mBJ DOS shows that the dispersion of the upper valence band is narrowed and the lower valence bands are moved to higher binding energies by ∼0.8-1.0 eV compared [24] . This overestimation can be attributed to the general tendency of the TB-mBJ scheme to reduce the dispersion of the bands as discussed earlier.
For the p-type conducting TCOs studied, namely delafossite CuXO 2 (X = Al, Ga, In) and spinel ZnX 2 O 4 (X = Co, Rh, Ir), we find qualitative agreement between the TB-mBJ and G 0 W 0 or HSE results with respect to the trends in the band gap. Quantitatively, however, the TB-mBJ gaps are different from those reported with G 0 W 0 or HSE. Moreover, we observe that the Cu d and Zn d states in these systems are also shallow compared to the experimental counterparts as was observed in the cases of ZnO and CdO. In spite of the complicated electronic structure of these systems the TB-mBJ scheme gives a better estimation of the band gap over PBE and the trends observed within G 0 W 0 /HSE are also reproduced. Thus we find that the TB-mBJ offers a reliable, simple way and viable alternative to the computationally expensive techniques for calculation of the band gaps of TCOs with the desired accuracy.
